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This report  covers t h e  f i r s t  twelve months of progress on JPL Contract 952547 

(June 17, 1969 - June 19, 1970). 

TiAg, TiPdAg and A i  contact systems on PIN c e l l s  were evaluated f o r  s t rength  

and humidity res i s tance .  Contact s t rength  t e s t s  were performed by solder ing 

or  u l t r a son ica l ly  welding t abs  t o  the  contacts  and pul l ing  a t  a 90" angle un- 

til f a i l u r e .  

TiPdAg contacts .  

t he  s i l i c o n  did not f a i l )  and the  u i t r a son ica l ly  welded bonds withstood more 

than 1-50 grams pu l l ,  In  both cases the  p u l l  s t rengths  are comparable t o  those 

obtained wi th  TiAg contacts  on standard N/P c e l l s ,  which a l s o  exhib i t  p u l l  

s t rength  i n  excess of 500 grams f o r  a soldered bond and 1.50 grams f o r  an u l t r a -  

sonical ly  welded bond- 

the  AR contacted c e l l s  and these bonds a l s o  withstood more than 1.50 grams pu l l ,  

which as discussed i n  Section 2,2,1 i s  s u f f i c i e n t  s t rength  f o r  r e l i a b l e  i n k ? * -  

connection of c e l l s .  

Both t ab  a t tach ing  methods were used t o  evaluate the  TiAg and 

The soldered bonds withstood more than 500 grams p u l l  (when 

Ultrasonic  welding w a s  used t o  a t t a c h  0.002" tabs t o  

Humidity t e s t i n g  of these  three  contact systems gave the  following r e s u l t s :  

1 )  TiAg f r o n t  contacts  peeled s i g n i f i c a n t l y  (35% average) when t ape  t e s t e d  

a f t e r  100 hours of exposure t o  9576 r e l a t i v e  humidity a t  65" and peeled 100% 

a f t e r  200 hours exposure; 2 )  AR contacts  withstood 288 hours exposure before 

peeling occurred; then two out of ten  c e l l s  exhibi ted peeling--30% of t h e  bar 

on one c e l l  and 80% of t h e  bar  on another c e l l ;  3) one out of t en  of the  TiPdAg 

contacted l i th ium c e l l s  had approximately 20% of the  bar peel a f te r  288 hours* 

3 BBr w a s  inves t iga ted  as an a l t e r n a t i v e  boron d i f fus ion  source, s ince the  BCR 

d i f fus ion  source present ly  used has two undesirable c h a r a c t e r i s t i c s  : 1) s t r e s s e s  

a re  introduced i n t o  the  s i l i c o n  durir,g t h e  d i f fus ion  which would make it d i f f i -  

c u l t  t o  fa.bricate l a rge  a rea  and t h i n  l i th ium c e l l s  and 2) t he  e t c h  reac t ion  

between the  BCR 

The BBr d i f fus ion  has been developed t o  t h e  ex ten t  t h a t  high e f f ic iency  c e l l s  

3 can be fabr ica ted ,  To date, t he  I 

diffused c e l l s  i s  t y p i c a l l y  5 t o  10% lower than the  I 

which i s  typ ica l ly  32 t o  35 mA/cm2; however, e f f i c i e n c i e s  g rea t e r  than 11% 

3 

and s i l i c o n  i s  a drawback i n  f ab r i ca t ing  spec ia l  c e l l  types. 3 
3 

(measured i n  AM0 s o l a r  simulator) of BBr s c  
of BCR diffused c e l l s ,  

s c  3 

have been obtained. The s t r e s s e s  

bla.nks have been d i f fused  with no 

have been eliminated and 0.006" t h i c k  2 x 6 cm 

bowing. 
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Evaporation of l i thium was invest igated and a technique was developed 

t o  minimize post-evaporation oxidation, 

were s imi l a r  t o  those obtained with t h e  painted-on l i thium mineral o i l  

source, High eff ic iency l i th ium c e l l s  were obtained. Comparison of 

t h e  cumulative frequency d i s t r ibu t ions  f o r  evaporated and painted 

l i th ium c e l l s  did show, however, t h a t  between 50 and 90% yie ld ,  t h e  

output f e l l  off  more rapidly f o r  t h e  c e l l s  with t h e  evaporated source3 

such t h a t  a t  90% y ie ld  t h e  output of t he  evaporated l i th ium c e l l s  was 

25.4 mW while t h e  output of t h e  painted c e l l s  was 26.4 mW, 

LitBiuq concentration p r o f i l e s  

Since regions of t h e  c e l l  with no l i thium could a f f e c t  post  rad ia t ion  

output, an experiment was designed t o  evaluate  t h e  e f f e c t  of varying 

t h e  percentage of undiffused region, 

regions did not a f f e c t  t h e  bulk r e s i s t i v i t y  o r  the  l i thium concentra- 

t i o n  p r o f i l e s  of t h e  diffused regions,  Also, no co r re l a t ion  could be 

drawn between l i th ium coverage and e l e c t r i c a l  output,  These c e l l s  

were del ivered t o  JPL f o r  rad ia t ion  t e s t i n g ,  which should ind ica te  

whether o r  not complete l i th ium coverage of t h e  back c e l l  surface i s  

necessary f o r  optimum c e l l  recovery, 

It was found t h a t  t h e  undiffused 

Eight hour l i th ium di f fus ions  a t  325°C were invest igated,  The cruci-  

b l e  grown c e l l s  fabr ica ted  with these  l i th ium di f fus ion  parameters 

have 

served, 

e f f i c i ency)  with 10% of t h e  c e l l s  having outputs 2 32 mh (1~8% ef f i -  

ciency) and 90% of the  c e l l s  having outputs 2 27 mW (9.9% ef f ic iency .  

shown some of t h e  highest  l i th ium c e l l  e f f i c i enc ie s  ye t  ob- 

The median output of one group of 60 c e l l s  was 30 mW (SlF- 

Seven l o t s  (60 c e l l s  per  lot) of l i thium doped PIN s o l a r  c e l l s  have 

been fabr ica ted  and delivered t o  JPL f o r  rad ia t ion  t e s t i n g  and analyses 

by o ther  l abora to r i e s ,  S t a t i s t i c a l  ana lys i s  of t h e  c e l l  outputs was 

performed f o r  each l o t  of c e l l s  deliveredb Signi f icant  improvements 

i n  c e l l  e f f i c i e n c i e s  were made during the  previous contract  and pa r t i c -  

u l a r l y  high e f f i c i e n c i e s  were obtained with crucible  grown l i thium c e l l s ,  

iii 
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During this contract  fu r the r  improvements have been made on crucible  

c e l l s  by using an e igh t  hour l i thium diffusion a t  325°C 

(Lot 3 ) .  
quency d i s t r ibu t ions  a t  10, 50 and  90% f o r  Lot 10 on las t  y e a r ' s  

contract  and Lot 3 on the  present contract .  The values shown are  f o r  

t he  same i n t e n s i t y  a t  AM0 equivalent sunl ight .  

The t a b l e  below compares the  maximum power cumulative f r e -  

TABLE I 

MAXIMUM POWER CUMULATIVE FREQUENCY DISTRIEUTIONS 
FOR CRUCIBLE GROWN LITHIUM CELLS. 

The outputs shown f o r  t h e  Lot 3 c e l l s  correspond t o  e f f ic iency  range 

of 9.9% t o  11.8% with  a median e f f ic iency  of ll*O%B 

were irradiated and reported on by TRW, Inc.  under E L  Contract 952554. 

They had e f f i c i e n c i e s  11 t o  20% grea te r  than t h e  output of 10 ohm ern- 

N/P c e l l s  a f t e r  being i r r a d i a t e d  with 1 MeV e lec t rons  t o  an in tegra ted  

f l u x  of 3 x 10 

21.7 t o  23.5 mW while t h e  N/P c e l l  output w a s  19.5 mW. 

These same c e l l s  

1.5 2 e/cm . The l i th ium c e l l s  had recovered outputs of 

i v  
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1.0 INTROWCTION 

The goal  of t h i s  contract  was t o  inves t iga te  the  e f f e c t  of various 

process parameters on l i thium doped s o l a r  c e l l  performance. This 

program was a continuation of work done on JPL contract  952247, 
and it was organized i n t o  three  areas  of study. The th ree  bas ic  

areas  included P-N d i f fus ion  s tudies ,  l i thium di f fus ion  s tud ie s ,  

and contact s tud ie s ,  

The purpose of t h e  P-N d i f fus ion  s tudies  was t o  develop a boron 

d i f fus ion  which: 1) did  not e tch  s i l i con ,  2 )  would y i e ld  higher  

e f f ic iency  l i th ium c e l l s  due t o  reduced s t r e s ses  and 3)  could be 

used f o r  l a r g e r  area and th inner  c e l l s  ( a l s o  due t o  reduced s t r e s s e s  

The l i thium di f fus ion  s tudies  were d i rec ted  toward improving c e l l  

e f f ic iency  and obtaining maximum radia t ion  damage recovery. Radiation 

s tud ie s  conducted under JPL contract  by o ther  labora tor ies  had shown 

i n  one l imited experiment t h a t  long l i th ium diffusions done around 

325°C resu l ted  i n  higher  e f f ic iency  and more rad ia t ion  r e s i s t a n t  

l i thium c e l l s .  These d i f fus ion  parameters a s  wel l  as  t he  process 

techniques of complete l i thium coverage of the  back c e l l  surface and 

l i thium evaporations were used i n  f ab r i ca t ing  t h e  c e l l s  t h a t  showed 

unusually good rad ia t ion  recovery, so these  same parameters were 

f u r t h e r  inves t iga ted  i n  t h i s  program i n  order t o  determine whether 

these  r e s u l t s  could be reproduced 

The contact s tud ie s  included evaluation of the  Ti-Ag contacts  present ly  

used as wel l  as  inves t iga t ion  of other  contact metals such as  Pd and 

A a. 

I n  addi t ion t o  the  experimental s tud ies ,  

were fabr ica ted  and sen t  t o  JPL f o r  rad ia t ion  t e s t i n g  and analysis  

by various rad ia t ion  labora tor ies .  

lkthiiufn doped sDla r  c e l l s  

- 1 -  
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2.0 TECHNICAL DISCUSSION 

2.1 BORON DIFFUSION INVE'i3TIGATION 

Boron t r i c h l o r i d e  (BCR } i s  t h e  dopant source t y p i c a l l y  used f o r  

standard boron diffusions a t  Heliotek,  High output c e l l s  a re  obtained 

with t h i s  process; however, c e r t a i n  cha rac t e r i s t i c s  of t h i s  d i f fus ion  

a r e  undesirable.  The s t r e s s e s  introduced i n t o  t h e  s i l i c o n  with t h i s  

d i f fus ion  a r e  not usual ly  a problem with t h e  small 1 x 2  cm blanks, 

but  as  t he  c e l l  s i z e  i s  increased or t h e  c e l l  thickness  decreased the  

s t r e s s e s  r e s u l t  i n  a l a r g e r  percentage of bowed c e l l s .  

3 

I n  addi t ion,  s i l i c o n  i s  etched during t h i s  d i f fus ion ,  This i s  a draw- 

back i n  f ab r i ca t ing  spec ia l  c e l l  types such as  t h e  c e l l  with a s t a b l e  

M region a t  t he  junct ion,  

t a i n  t h e  majority c a r r i e r  concentration and, consequently, good junct ion 

c h a r a c t e r i s t i c s  as  t h e  l i th ium i s  depleted by reac t ion  with r ad ia t ion  

defect  s i tes ,  The 2 region i s  obtained. with a phosphorous d i f fus ion  

and then t h e  c e l l  i s  processed according t o  standard l i th ium c e l l  

f ab r i ca t ion  techniques,  Use of BCR a s  t h e  boron d i f fus ion  source, 

with i t s  va r i ab le  e tch  ra te ,has  made it impossible t o  f a b r i c a t e  t h i s  

spec ia l  c e l l  with a control led width on t h e  phosphorous region, The 

var iab le  e tch  r a t e  and introduct ion of s t r e s s e s  Were t h e  primary 

reasonsfoy inves t iga t ing  other  sources,  

4- 
The purpose of t h e  N4- region i s  t o  main- 

-!- 

3 

Previous work has included inves t iga t ion  of B H 

but  they were not included i n  present contract  work, 

BN and Borofilm, 
2 6' 

BBr has been successful ly  used by o ther  semiconductor l abora to r i e s  

and it was the  source which was inves t iga ted  during t h i s  contract  

period. A schematic of t he  d i f fus ion  system i s  i l l u s t r a t e d  i n  

Figure 1, 

phere with t h e  O2 reac t ing  with t h e  BBr 

3 

This d i f fus ion  i s  usua l ly  performed i n  an oxidizing atmos- 

t o  produce B 0 
3 2 3 9  

-2 - 
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which deposi ts  on the  s l i c e s  a s  a g l a s s  l aye r .  

the s i l i c o n  t o  form i t s  oxide, 

The O2 a l s o  reac ts  w i t h  

S i  + o - Si02 Eq. 2 

2 3  

2- 

The B 0 r e a c t s  with s i l i c o n  t o  form elemental boron, 

u 

3Si + 2B203 .- 3Si02 + 4B Eq*  3 

which diffused I n t o  the  l a t t i c e  t o  form the  P-N junction. For each of 

t he  above reac t ions  the  equilibrium constant ( K )  and Gibb's f r e e  energy 

were ca lcu la ted  a t  the  temperature a t  which the  diffusion i s  performed 

(1328OK) t o  note which reac t ions  occur and i f  they proceed t o  completion. 

The standard f r e e  energy f o r  a react ion from reac tan ts  t o  products a t  

STP (s tandard temperature and pressure,  298OK - 1 atm) can be found by 

the  expression, 

AFo = -RTlnK Eq. 4. 

where 

AFo = standard f r e e  energy change a t  STP 

R 

T = temperature ( K) 

K = equilibrium constant 

0 
= 1.987 cal/mole- K, i d e a l  gas l a w  constant 

0 

0 Using the  AF 
ca lcu la te  d . 

values f o r  each react ion,  t h e  equilibrium constants a r e  

- ( 335.7~10 3 cal/mole) 
=505 - f o r  Eq. 1: 1nK - 

298' - (1.987 cal/mole- OK) (198'~) ' 

f o r  Eq. 2 :  1nK = 325 
298' 

for Eq. 3: . 1nK = 27.7 
298' 

-4- 



The expression providing the  equilibrium constant as  a funct ion of tempera- 

t u r e  i s  given by t h e  van ' t  Hoff equation, 

d 1nK AH" 
d t  R T ~  

- = -  

or by simple in t eg ra t ion ,  

where T i s  t h e  temperature of d i f fus ion  ( 1 3 2 8 " ~ )  and AH" i s  t h e  change i n  

enthalpy f o r  t h e  reac t ion  which must be determined a t  temperature T e i t h e r  

by in t eg ra t ion  of t h e  hea t  capaci ty  (Cp) over t h e  range 298" t o  1 3 2 8 " ~  

or  from thermochemical t a b l e s  . (1) 

The equilibrium constants were then determined f o r  1328°K. 

were subs t i tu ted  i n t o  the  free energy react ion isotherm (eq. 4) and t h e  

f r e e  energy was calculated f o r  t h i s  temperature. For a l l  t h ree  reac t ions  

(eq.  1, 2 and 3) the  values f o r  AF a t  the  temperature of d i f fus ion  s a t i s f y  

These i n  t u r n  

' 

the  conditions f o r  spontaneity ( i . e . ,  AF < 0 ) .  The equilibrium constants 

obtained were comparable i n  magnitude t o  those a t  2 9 8 " ~  which ind ica tes  

t h a t  t h e  react ions proceed t o  completion a t  t h i s  high temperature. 

I n i t i a l  d i f fus ions  produced nonuniform g la s s  l aye r s  as indicated by t h e  

in te r fe rence  p a t t e r n .  Sheet r e s i s t ance  and hot point  probe measurements 

indicated t h a t  the  diffused l aye r  w a s  a l s o  nonuniform. The in te r fe rence  

type g l a s s  layer as w e l l  a s  t h e  nonuniform diffused layer  indicated the 

exis tence of s t ra t i f ied laminar gas flow, and t h e  following series of 

d i f fus ions  were performed t o  inves t iga te  t h i s  problem: 

:I.) Diffusions were performed a t  t h r e e  temperatures (900, 1055, 1125°C) 

t o  examine temperature e f f e c t s  on t h e  laminar flow and g l a s s  pa t t e rn  

formation. 

2 )  A t  each temperature, d i f fus ion  t ime, c e l l  pos i t ion ,  and gas flow, 

rates were varied t o  observe t h e  e f f e c t s  of these  parameters on 

c e l l  performance. 

71>JAEAF Inter im Thermochemical Tables, Vol. 1,2,3, Dec. 1960, 
Thermal Laboratory, The Dow Chemical Co., Midland, Michigan. 

-5- 



.\, - 

I 

I '  

I 

. ' I  

' 

Temperature Variation 

I n  t h i s  experiment two groups of c e l l s  (10 cells/group) were diffused a t  

each temperature mentioned above. One group w a s  placed v e r t i c a l l y  and 

one hor izonta l ly  i n  the  d i f fus ion  boat,  Iden t i ca l  diffusion t i m e s  and 

gas flow r a t e s  were used i n  each case, It w a s  determined by v isua l  

observation of in te r fe rence  l a y e r s  t h a t  t he  g l a s s  layer  on c e l l s  from 

diffusion a t  each temperature w a s  nonuniform. 

l aye r  nonunif ormity was independent of t he  horizontal  or v e r t i c a l  posi- 

t ion ing  of t h e  c e l l s  on t h e  diffusion boat,  However, t he  horizontal  or 
v e r t i c a l  posi t ioning of t he  c e l l  d id  a f f e c t  the  pa t te rn  of nonuniformity 

i n  both t h e  g l a s s  l aye r  and t h e  diffused region. The c e l l s  posit ioned 

v e r t i c a l l y  showed a htgh concentration P region a t  the t o p  of t h e  c e l l  

(as measured with a hot point probe which c l e a r l y  shows differences i n  

t h e  impurity type, N or P, as w e l l  as gross differences i n  the  impucity 

concentra.tion) and an unconverted M region on the  lower ha l f  of  t he  c e l l ,  

wi th  t h e  highest  concentration N region being the  sect ion of t h e  c e l l  

which w a s  i n  t h e  diffusion boat s l o t  during diffusion.  The hor izonta l ly  

posit ioned c e l l s  a l s o  had a nonuniform P l aye r  with unconverted N regions; 

however t h e  pa t t e rn  w a s  l e s s  d e f i n i t e .  Variations i n  the  sheet res i s tance  

of t h e  P regions indicated t h a t  e i t h e r  the  junction depth or concentration 

w a s  a l s o  nonuniform. This experiment ind ica ted  t h a t  nonuniformity of t h e  

g l a s s  l aye r  and diffused l aye r  w a s  independent of d i f fus ion  temperature. 

-_u_-__I_----I_ 

2.1.1 

The presence of t h i s  g l a s s  

Gas Flow Variations 

When high ni t rogen flow r a t e s  were used (1500 cm3/minute 1 non- 

uniformity (as determined by visual observation of in te r fe rence  l aye r s )  

i n  t h e  g l a s s  l a y e r  w a s  predominant., A f t e r  g l a s s  removal an insoluble  

d isco lora t ion  remained which could only be dissolved i n  an etchant t h a t  

reacted with t h e  s i l i c o n  i t s e l f .  When d i f fus ions  were made using ni t rogen 

wi th  no oxygen, an insoluble  grey-black deposit  resu l ted  on the chemically- 

polished surface.  

--------- 2.1.2 

, ,  
\ 
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Using higher 0 flow r a t e s  resu l ted  i n  a uniform glass  l a y e r  and i t s  

removal l e f t  no vis ible  deposit .  However, measurement with the  hot 

point  probe indicated t h a t  the d i f fus ion  w a s  nonuniform--the N surface 

w a s  not  completely converted t o  a P region. By modifying the  gas flow 

pa t t e rn  the  nonuniformity of the  g l a s s  and diffused l aye r s  w a s  reduced. 

The modification involved sea l ing  the  back end of t he  diffusion tube 

and having t h e  gases en te r  and exhaust from t h e  f ron t  end of the  tube. 

This prevented the  gases from streaming through t h e  d i f fus ion  tube i n  

stratif ied l aye r s  as w a s  observed i n  t h e  previous d i f fus ion  setup. 

With t h i s  modification, c a r r i e r  and impurity gas flow rates were again 

var ied.  Once uniform g la s s  and d i f fus ion  l aye r s  were obtained, t h e  

d i f fus ion  time w a s  var ied.  The d i f fus ion  t imes producing the most 

des i rab le  r e s u l t s  with respect  t o  high e l e c t r i c a l  c h a r a c t e r i s t i c s  or 
curve shape, were 10 and 85 minutes. 

2 

Figure 2 shows the  I - V  curves 
2 measured i n  a tungsten l i g h t  source (100 mW/cm ) f o r  c e l l s  diffused 

f o r  these two t i m e  i n t e rva l s .  The c e l l  diffused 10 minutes exhibi ted a 

' so f t  knee c h a r a c t e r i s t i c  but t h e  values of the  shor t  c i r c u i t  current  

and open c i r c u i t  voltage were t h e  highest  achieved up t o  t h a t  t i m e  

for any given diffusion.  

f a c t o r  which most c lose ly  approximated t h a t  obtained with a t y p i c a l  

P/I! junct ion using BCR HoweveT:., t he  shor t  

c i r c u i t  current  and open c i r c u i t  voltage values were not optimum and 

repeat  runs and s l i g h t  process modifications with these p a r t i c u l a r  

d i f fus ion  parameters s t i l l  did not  r e s u l t  i n  high output P/N c e l l s .  

The 85-minute diffused ce l l  had a curve 

as the  d i f fus ion  source, 3 

2 2.1 .3  Diffusions without 0 - I- 

Some sets of parameters gave b e t t e r  r e s u l t s  than others ,  but i n  t he  

bes t  cases t h e  shor t  c i r c u i t  of c e l l s  diffused with BBr i n  an oxi- 3 
dizing atmosphere were 10 t o  20 mA lower than the  short  c i r c u i t  cur ren ts  

of BCR diffused c e l l s .  Consequently, BBr vas used without O2 i n  a 

d i f fus ion  process similar t o  t h e  BCR 

comparable e l e c t r i c a l  c h a r a c t e r i s t i c s  (70 mA shor t  c i r c u i t  current ,  

600 mV open c i r c u i t ,  30 - 33 mW maximum power) could be obtained. 

3 3 
t o  determine whether c e l l s  with 3 
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I n  t h i s  process the  BBr 

by t h e  react ion of 0 

d i r e c t l y  with t h e  s i l i c o n  c e l l  blanks.  S i l icon  i s  replaced i n  t h e  

reac t ion  and a blank boron doped l aye r (2 )  i s  deposited on the  c e l l  

surface according t o  the  reac t ion ,  

vapor ( r a t h e r  than t h e  boron oxide formed 3 
and BBr ) becomes the  l o c a l  impurity and a c t s  

2 3 

4BBr3 + 3 S i  - 3 S i B r 4  + 4B Eq. 6 

o determine i f  t h e  react ion of equation 6 does indeed take place, 

ca lcu la t ions  of t h e  equilibrium constant (K)  and Gibb ' s free energy 

(AF) were made, using equations 4 and 5. 

For the  react ion of equation 6, 

7- 
lnK2980 = CAFo(Products) - LAFO(Reactants) 

- RT 

3 
= 312 InK, (-185 x 'LO cal/mole) 2980 = 

-1.987 cal/mole - OK) (298'~) 

Subs t i tu t ing  the  values  f o r  AH (JANAF Tables) i n t o  equation 5, t he  

equilibrium constant i s  obtained a t  1328'K. 

3 1nK = 312 - 29 x 10 cal/mole (2.6 x 10-3cK-1) 1328 1.987 cal/mole - 0 K 

274 = 274 o r  K = e 1nK 
1328' 

(2)  Powell, C .  F. Campbell, I. E , ,  Gonser, B. W . ,  "Vapor P la t ing ,"  
John Wiley & Sons, N. Y., 1955. p. 1C7 
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This value of K may now be subs t i t u t ed  i n t o  equation 4 t o  solve f o r  

t he  f r e e  energy react ion isotherm a t  the  temperature of i n t e r e s t .  

. .  0 AF (-1987 cal/mole - K) (1328'~) (274) = -723 Kcal/mole 1328' = 

T h i s  calculatcid value f o r  t he  f r e e  energy react ion isotherm does s a t i s f y  

t h e  condition for spontaneity at t h e  temperature a t  which solar c e l l  

blanks are diffused.  Similar ly  it can be sa id  t h a t  because of t h e  very 

l a rge  value obtained f o r  the  equilibrium constant,  t h e  reac t ion  proceeds 

t o  completion, 

I n  addi t ion  t o  the  react ion of equation 6, there  i s  a l so  the  possible 

formation of s i l i c o n  boride compounds of t he  form S i  B ( 3 ) .  
unava i l ab i l i t y  of t h e  values of t h e  chemical thermodynamic proper t ies  

f o r  these compounds, equilibrium constant and f r e e  energy ca lcu la t ions  

were not made. These boride compounds a r e  suspected of being present i n  

t h e  typ ica l  black deposit  found on the  c e l l  blanks surface,  a f t e r  d i f fu-  

sion, since t h i s  black l aye r  r e a c t s  with hot EN0 and both SiB and SiB6 

a r e  black c r y s t a l s  which a r e  soluble  i n  HSTO 

d i f fuses  i n t o  the  s i l i c o n  c r y s t a l  l a t t i c e  t o  form the  P-N junct ion probably 

origina:-es from the  react ion of equation 6 since t h e  junct ion depth of 

about 3000-50001 i s  considerably g rea t e r  than the  bond dis tances  found 

i n  these  boride compounds (something less than a few Angstroms). 

Due t o  the  
X Y  

3 3 
The elementary boron which 3" 

(3)  Powell, C.F. Campbell, I .E . ,  Gonser, B.W., "Vapor P la t ing ,"  Chp. 5 
John Wiley & Sons, N.Y., 1955. 
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* ,  

2 
The r e su l t i ng  short  c i r c u i t  current  f o r  1x2 cm c e l l s  measured i n  a 100 mW/cm 

tungsten l i g h t  source ranged from 55 t o  60 milliamps. 

t o  c e l l s  diffused w i t h  ECR In  addi t ion,  it w a s  discovered tha t  though 

BBr etched the  c e l l  surface and a heavy boron l aye r  formed, the problem 

of bowed c e l l s  due t o  s t r e s sed  s i l i c o n  w a s  less severe w i t h  t he  BBr 

Large a rea  (2x2 cm and 2x6 cm) c e l l  blanks were diffused and then placed 

on an op t i ca l  f l a t  t o  measure the  gap created by a bowed s l i c e .  

w a s  no measurable gap even i n  the  case of t he  2x6 cm blanks. 

2x6 cm blank thickness  w a s  reduced t o  0.006", there  w a s  s t i l l  no measur-. 

ab le  gap, 

This w a s  comparable 

3' 
3 

3' 

There 

When the 

Figure 3 shows the  I - V  curves measured i n  both tungsten and so lar  simu- 

l a t o r  l i g h t  sources f o r  a 1 ohm cm crucible  grown c e l l  diffused w i t h  a 

BBr source without 0 gas ,  The c e l l  c h a r a c t e r i s t i c  curve indicated t h a t  

a good P/N junct ion w a s  formed. 

voltage,  and maximum power measured a t  25OC i n  a 100 mW/cm2 tungsten l i g h t  

3 2 
The shor t  c i r c u i t  current ,  open c i r c u i t  

source wcre as good as the  c h a r a c t e r i s t i c s  of a BCR diffused c e l l .  The 

AM9 output, however, w a s  low due t o  low shor t  c i r c u i t .  The r a t i o  of t he  

shor t  c i r c u i t  currents ,  simulator t o  tungsten,  w a s  1.10 o r  approximately 

7$ lower than a t y p i c a l  value of 1.18. 
due t o  a deeper junct ion i n  t h e  BBr diffused c e l l s  o r  an improper match 3 

3 

This low r a t i o  could have been 

of 

t he  a n t i r e f l e c t i o n  coating t o  the AM0 s o l a r  simulator spectrum. 

d i f fus ion  time and temperature f o r  t he  BBr 

similar, as were the  measured sheet  res i s tances ,  it did not seem l i k e l y  

t h a t  a deeper junct ion ex i s t ed  i n  t h e  c e l l s  diffused with BBr 

t he  surface l aye r  of the BBr d i f fused  c e l l s  w a s  uneven i n  color,  such 

tha t  uneven a n t i r e f l e c t i o n  coatings were a l s o  obtained; therefore  it seemed 

probab! : t h a t  an improper match of the  a n t i r e f l e c t i o n  coating on p a r t s  of 

Since t h e  

and BCR d i f fus ions  were 3 3 

However, 3' 
3 

t h e  c e l l  surfaces  t o  the  AM0 s o l a r  spectrum w a s  the  cause f o r  t he  low 

simulator shor t  c i r c u i t  current .  

the  c e l l  shown i n  Figure 3 had an AM0 e f f i c i ency  of grea te r  than 11%. 

Even with the  low shor t  c i r c u i t  current ,  

-1 1.- 
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The 20 ohm cm cruc ib le  grown 2x2 cm and 2x6 cm c e l l s  a l s o  showed good 

tungsten output but  low simulator output. The AM0 short  c i r c u i t  current  

f o r  a 1x2 crn c e l l  equivalent w a s  approximately 6 mA 10w--64 mA ins tead  

of t h e  70 mA normally obtained with BCR diffused c e l l s .  3 

In  addi t ion  t o  standard P/N c e l l s ,  l i th ium doped P/N c e l l s  (2x2 and 

2- * crn i n  s i z e )  have been f ab r i ca t ed  using t h e  BBr 

c i r c u i t  current  f o r  a 2x2 c m  c e l l  ranged from 123 to 129 mAe The curve 

f a c t o r s  f o r  a number of these  c e l l s  w a s  low due t o  s e r i e s  res i s tance  

g r e a t e r  than 1 ohm; however, one of t he  b e t t e r  c e l l s  had a power output 

of 58 mW, which i s  equivalent t o  an e f f i c i ency  of 10.9% (see Figure 4) .  

d i f fus ion .  The shor t  3 

Sinc-e etching of s i l i c o n  occurs i n  t h e  BBr d i f fus ion  without 0 

d i f fus ion  i s  not  su i t ab le  t o  use i n  f ab r i ca t ing  spec ia l  c e l l  types which 

require  a nonetching boron d i f fus ion  source. However, it does el iminate  

the problem of s t r e s s e s  encountered w i t h  the  BCA 

a r ea  and t h i n  c e l l s .  

this 3 2' 

d i f fus ion  of l a r g e  
3 
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Fipirr T-V Characteristic Curve of a Lithium Cell Fabricated with a BRr 
Diffusion, 
and redistributed 120 minutes at 425°C; measured in so lar  simulator 
at 140 mW/cm2, 

20 ohm em cl-ucible grown cell lithium diffused 90 miktee 

i 
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2.2 

2.2.1 

CONTACT EVALUATION 

Humidity and peel  tests were performed t o  evaluate t h e  TMg contacts 

present ly  =sed on l i thium c e l l s .  

l i thium c e l l s  were a l s o  included i n  t h i s  contact evaluation. 

TiPdAg and Ah, contact systems on 

Pee l  T e s t  

Peel  tests ( io e. wired soldered o r  u l t r a son ica l ly  welded t o  t h e  contact 

and pul led perpendicular t o  t h e  c e l l  surface u n t i l  f a i l u r e )  were per- 

formed t o  determine t h e  mechanical s t rength  of t h e  contact.  

cases where s i l i c o n  f r ac tu res  or  divots  did not occur, pee l  s t rengths  

i n  excess of 500 grams were obtained f o r  TiAg and TiPdAg contacts.  

I n  a l l  

The aluminum contact pee l  s t rength  was tested by u l t r a son ica l ly  welding 

a 0.002'' aluminum t a b  t o  t h e  c e l l .  

mately one-eighth t h e  area of a t y p i c a l  soldered bond and therefore  pee l  

s t rengths  were lower. 

These pee l  s t rengths  were considered t o  be good f o r  t h e  following reasons: 

The area of t h i s  bond was approxi- 

The peel  s t rengths  ranged from 180 t o  270 grams. 

1) Fai lure  occurred when t h e  t a b  mater ia l  t o r e  with t h e  welded sec t ion  

remaining bonded t o  t h e  contact .  

2)  Peel  s t rengths  of u l t r a son ic  bonds t o  TiPdAg and T u g  contacted 

c e l l s  were a l s o  i n  t h e  range of 180 t o  270 grams. 

exhibi ted soldered bond pee l  s t rengths  of more than 500 grams. 

These same c e l l s  

There was an unusually l a rge  percentage of soldered bond f a i l u r e s  of 

less than 500 grams due t o  s i l i c o n  f r ac tu res .  

of 1-5 c e l l s  with T u g  contacts,  81% of t h e  f a i l u r e s  were due t o  f r ac -  

tu red  s i l i c o n  r a the r  than f a i l i n g  contacts,  and f r ac tu res  of l e s s  than 

500 grams accounted f o r  50% of t h e  s i l i c o n  f rac tures .  It i s  unusual f o r  

conventional N/P c e l l s  t o  have s i l i c o n  divots  occur a t  these low values.  

These peel  s t rength  r e s u l t s  gave f u r t h e r  ind ica t ion  of t h e  s t r e s s e s  present 

i n  P/N l i th ium c e l l s .  The stresses a r e  presumed t o  be pr imari ly  due t o  

t h e  boron d i f fus ion  s ince  t h e  P/N c e l l s  with no l i th ium which were pee l  

tested a l s o  had f a i l u r e s  with s i l i c o n  f r ac tu res  a t  l e s s  than 500 gramse 

For example, i n  t h e  group 
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2.2.2 Humidity Test 

'" '1 

id 

The humidity res i s tance  of the.var ious contact systems w a s  a l s o  eva lmted .  

Ti&, Ti€'%, and AR contacted c e l l s  were subjected t o  95% r e l a t i v e  humidity 

a t  65'~. A nondestructive tape peel tes t  (using Scotch brand tape  #lo) w a s  

used to evaluate  contact ,  de te r iora t ion ,  so t h a t  t he  humidity t e s t  and elec-  

t r ica l  measurements could be continued as long as no b l i s t e r i n g  or peeling 

of t he  contact occurred. The Ti& contacts  showed the l e a s t  humidity resis- 

tance.  

contacts  peeled and some edge peeling occurred at t h e  back contact ,  After  

200 hours the  f r o n t  contacts  on a l l  c e l l s  peeled completely and an average 

of 15% of the back contact peeled. After  288 hours exposure, only one c e l l  

out of 10 wi th  TiPdAg contacts  showed any degradation; approximately 20% of 

t h e  bar peeled. Two out of t en  of t he  AR contacted c e l l s  exhibi ted peeling 

a f t e r  288 hours: 

c e l l .  

performance w a s  superior  t o  the  TiAg contact ,  

The e l e c t r i c a l  measurements (performed i n  100 mW/cm2 tungsten l i g h t  source 

showed t h a t  the  most s ign i f i can t  loss f a c t o r  f o r  c e l l s  with TiAg contacts  

w a s  at maximum power due t o  increased s e r i e s  res i s tance  (as determined by 

measuring the  change i n  the slope of t he  I-TT curve a t  open c i r c u i t  voltage) 

No e l e c t r i c a l  degradation of t he  TiAg contacted c e l l s  w a s  measurable a f t e r  

48 hours 

and 200 hours of humidity exposure w a s  4 and 5%> respect ively.  

A f t e r  approximately 100 hours exposure an average of 35% of the  f r o n t  

30% of the  bar on one c e l l  and 80% of the  bar on another 

Though the  TiPdAg and AR contacts  d i d  degrade with humidity, t h e i r  

However , t h e  maximum power degradation a f t e r  approximately 100 

The l i thium c e l l s  with AR contacts  exhibi ted the  following degradation after 

244 hours: 

current ;  less than 1% f o r  the open c i r c u i t  vol tage,  

out of nine of t he  AR contacted l i th ium c e l l s  exhibi ted high series r e s i s -  

tance as shown i n  Figure 5. The degradation of t h e  l i t h i u m  c e l l s  with 

0-3.3$ f o r  t h e  current  at 450 mTTj 0-2.5% fo r  the  shor t  c i r c u i t  

After 288 hours, three 

"TiPdAg contacts  a f t e r  288 hours w a s  approximately t h e  same as t h e  AR con- 

TiPdAg contacted P/N c e l l s  without l i thium tac ted  c e l l s  after 244 hours. 

general ly  showed less than 1% e l e c t r i c a l  degradation of ISc9 Voc9 Pmax over 
the  same period of humidity exposure. This seems to ind ica te  t h a t  the l i th ium 

i s  moving around i n  t h e  bulk of t he  ce l l  o r  i s  reac t ing  with t h e  contact ,  

e i t h e r  of which could change the  output. 
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2.3 

2.4 

LITHIUM COVERAGE 

It has been suggested t h a t  t he  percentage of the  back surface which i s  

covered with l i th ium should have an e f f e c t  upon t h e  r ad ia t ion  recovery 

cha rac t e r i s t i c s  of l i th ium c e l l s .  Cel l s  fabr ica ted  by Heliotek have 

general ly  been painted with l i t h i u m  s o  t h a t  t h e  l i thium source i s  always 

within 0.010 t o  0.020 inches of t he  c e l l  edge. This undiffused region 

around the  perimeter of t h e  c e l l ,  although small, could r e s u l t  i n  

res idua l  rad ia t ion  damage. Lithium would not  be present i n  t h i s  region 

t o  anneal damage si tes and t h e  junct ion edge e f f e c t s  might degrade the  

c h a r a c t e r i s t i c  curve. An experiment was designed to evaluate  the  e f f e c t  

of varying t h e  a rea  of this region and the  s ignif icance of t h i s  res idua l  

damage. 

t he  f i rs t  group had 100% l i thium coverage; t he  second, approximately 85%; 
and t h e  t h i r d ,  approximately 50%. 

Lithium was painted on three  groups of c e l l s  (20 c e l l s  per  group) : 

Both boron diffused s l i c e s  and undiffused s i l i c o n  blanks were l i th ium 

diffused.  The boron diffused s l i c e s  were fabr ica ted  i n t o  c e l l s  t o  

evaluate  the e l e c t r i c a l  c h a r a c t e r i s t i c s  and t h e  blanks were used f o r  

concentration p r o f i l e  analysis .  The s l i c e  r e s i s t i v i t y  appeared t o  be 

independent of l i th ium coverage. Also, no clear co r re l a t ion  could 

be drawn between l i th ium coverage and c e l l  output. The c e l l s  from 

t h i s  experiment were submitted t o  JPL f o r  r ad ia t ion  tes t ing .  These 

rad ia t ion  tests should ind ica te  whether or  not complete l i th ium coverage 

of t h e  back c e l l  surface i s  important i n  recovery of c e l l s  from radia t ion  

damage e 

LITHIUM EVAPORATION 

Evaporation of l i thium as an a l t e rna t ive  t o  pa in t ing  on a l i thium mineral 

o i l  suspension was invest igated.  Evaporation of l i thium i s  des i rab le  

f o r  severa l  reasons: 

paint-on technique, (2)  it i s  adaptable t o  a production l i ne ,  and (3)  
the re  i s  no problem with t h e  uniformity of t he  l i thium l aye r  on d i f f e r e n t  

p a r t s  of t he  same c e l l  and from c e l l  t o  c e l l .  

(1) it i s  less tedious and t i m e  consuming than t h e  

-18- 
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1 

i: 

Large diameter (0.125 inches) l i t h i u m  wire w a s  used as a source. 

w a s  handled far more e a s i l y  than t h e  l i th ium p e l l e t s  which had previously 

been used i n  inves t iga t ion  of l i th ium evaporation. Oxidation of t h e  

l i th ium while opening the  vacuum system was  another problem a rea  which 

had been encountered previously. 

helium, r a t h e r  than air, t o  open the  vacuum system after t h e  l i thium 

evaporation. 

t he  vacuum system t o  t h e  d i f fus ion  furnace but with apparently very 

l i t t l e  oxidation s ince c e l l s  have been obtained with the  same sheet 

res i s tance  and l i thium concentration p r o f i l e  as c e l l s  with t h e  painted- 

on l i th ium mineral o i l  source. Many of t he  c e l l s  with evaporated l i th ium 

had outputs as high as c e l l s  wi th  the  painted-on l i thium. However, 

comparison of t h e  cumulative frequency d i s t r ibu t ions  f o r  cells  with 

painted-on versus evaporated l i th ium layers  showed t h a t  t he re  w a s  more 

f a l l  off i n  c e l l  output and consequently a l a r g e r  percentage of lower 

output c e l l s  with t h e  evaporated l i thium. Figure 6 shows t h e  maximum 

power d i s t r ibu t ion  as a function of l i th ium appl ica t ion  f o r  Lots 3 and 4. 
A t  a cumulative frequency of 90% there  i s  a difference i n  output of 

about 1 mW f o r  both l o t s .  

This 

This problem has been reduced by using 

The cells have been exposed t o  air during t r a n s f e r  from 

2.5 EIGHT HOUR LITHIUM DIFFUSIONS 

0 Eight-hour l i th ium di f fus ions  a t  325 C were inves t iga ted  during t h i s  

cont rac t ,  s ince c e l l s  with t h i s  type of. d i f fus ion  have been known t o  

exh ib i t  very high outputs. 

wide va r i a t ions  i n  e l e c t r i c a l  cha rac t e r i s t i c s .  The range i n  sheet 

res i s tance  w a s  much wider than t h a t  obtained with shor te r  d i f fus ions  at 

higher temperatures. It w a s  a l s o  observed i n  these preliminary experi-  

ments t h a t  t he  sheet res i s tance  w a s  a f f ec t ed  by the  thickness  of t he  

l i th ium l aye r ,  This w a s  unexpected s ince d i f fus ion  s tudies  on a previous 

l i th ium c e l l  contract  had shown t h a t  decreasing the  thickness  of t h e  

l i th ium l aye r  i n  order t o  reduce the  p i t t i n g  of the  s i l i c o n  i n  90 minute 

d i f fus ions  a t  425OC did not  change the  sheet res i s tance  o r  t he  l i th ium 

concentration p r o f i l e ,  

I n  t h e  i n i t i a l  d i f fus ions  there  were usua l ly  

I n  subsequent experiments with eight-hour 

-19- 
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i 

0 
lithium di f fus ions  a t  325 C ,  th icker  l i th ium l aye r s  were inves t iga ted  

since s i l i c o n  p i t t i n g  during l i thium di f fus ion  i s  less severe as the 

d i f fus ion  temperature i s  decreased. The th i cke r  l i thium laye r s  re- 

su l t ed  i n  more uniform sheet res i s tances  ( s t i l l  less uniform than 

sheet res i s tances  of c e l l s  from conventional d i f fus ions  a t  425OC) and 

d id  not cause severe p i t t i n g  of t h e  s i l i con .  

Two l i thium concentration p r o f i l e s  c h a r a c t e r i s t i c  of the range of sheet 

res i s tance  values t y p i c a l l y  obtained f o r  an eight-hour d i f fus ion  a t  

325OC are shown i n  Figure 'i' . 
mined by incremental lapping combined w i t h  sheet res i s tance  measurethents. 

Sheet res i s tance  measurements were made using a four-point probe. It 

should be r ea l i zed  tha t  the  four-point probe measures the average resis- 

tance not the s p e c i f i c  res i s tance  of the surface region, so t h e  calcu- 

l a t i o n s  made r e f l e c t  average concentrations throughout the c e l l .  The 

s teps  i n  obtaining the  concentration p r o f i l e  included: 

The concentration p r o f i l e s  were deter- 

1) Graphing I / V  as a function of depth i n t o  the l i th ium diffused 

region and then ca lcu la t ing  the  A I / V  f o r  each O.OOO5" increment 

2)  Cal'culating l!p as a funct ion of depth i n t o  the  l i thium diffused 

region t o  the  equation 

where d(I/V)dx = change i n  I / V  over material x 
A = 

q = e lec t ron ic  charge 

conversion f a c t o r  from %its(4) f o r  
converting V / I  readings t o  sheet res i s tance  

Np = average values of c a r r i e r  concentration and 
mobili ty i n  the  l aye r  dx 

3) Calculating 8 using average mobili ty (P )  values from Runyan ( 5 ) .  

I 4) suits, F. M., "Bell Systems Tcclmical Journal ,"  37> 
pp. 13-20, 1958. 

Eq. 7 

5 )  Runyan, W. R., "Silicon Semiconductor Technology," 
McGraw-Hill 1965, p. 179. 

-21- 
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Curve A represents  c e l l s  with sheet  r e s i s t ances  ranging from approxi- 

mately 2.1 t o  3.8 ohms/square and Curve B represents  c e l l s  with sheet 

r e s i s t ance  from approximately 2.8 t o  5 .O ohms/square Comparison of 

t h i s  eight-hour d i f fus ion  t o  other  l i t h i u m  d i f fus ions  showed t h a t  t h e  

sheet res i s tances  2 .1 t o  3.8 ohms/square are i n  the  same range as those 

from t h e  90 minute d i f fus ion  with 60 minutes Pedis t r ibu t ion  at 425°C, 

and t h e  sheet res i s tance  from approximately 3.8 t o  5.0 ohms/square a r e  

i n  the  same range as those from a 90 minute diffusion with a 120 minutes 

r ed i s t r ibu t ion  a t  425OC. The e l e c t r i c a l  output of sane of these  experi-  

mental c e l l s  d i f fused  e ight  hours a t  325 C w a s  except ional ly  good and 

i s  described i n  d e t a i l  i n  Section 2.7. 

0 

ROOM TEMPERclTURE STORAGE OF LITHIUM CELLS 

The movement of l i t h ium i n  the  s i l i c o n  l a t t i c e  a t  room temperature 

could cause e l e c t r i c a l  i n s t a b i l i t y  i n  long-term storage.  I n  order t o  

evaluate t h i s ,  seventeen cells f ab r i ca t ed  i n  1966 have been per iodica l ly  

measured. 

changes have occurred: 

A f t e r  3% years storage a t  room temperature the  following 

1) Six f l o a t  zone c e l l s  ( l i th ium diffused 90 minutes and r ed i s t r ibu ted  

60 minutes a t  425OC) were measured, Three of these c e l l s  which had 

exhibi ted approximately 10% power loss one year ago, have now 

degraded an addi t iona l  3$* 

2 )  These th ree  f l o a t  zone c e l l s  had unusually l a rge  open c i r c u i t  

voltage decreases. 

3) The o ther  t h ree  f l o a t  zone cells d id  not degrade i n  the  same manner. 

Two of t he  c e l l s  showed 3 t o  5% improvements i n  Isc and Pmax between 

October 1966 and March 1969; i n  the  pas t  year  they have degraded 

1 t o  2% so they are s t i l l  higher than they were i n i t i a l l y .  

t h i r d  c e l l  had t h e  same output i n  1969 as it did i n  1966; i n  t h e  

pas t  year it a l s o  degraded about 1% i n  t h e  I 

The 

and Pmax. s c  

-23- 
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d 

4) 

5)  

100 ohm em f l o a t  zone c e l l s  l i th ium diffused 90 minutes and red is -  

t r i b u t e d  60 minutes a t  35OoC, which one year ago showed a m a x i m u m  

of 1.84% Is@ degradation and 1.4% Pmax degradation, now exh ib i t  

2.0 t o  3.7% t o t a l  

The cruc ib le  grown l i thium cel ls  (d i f fused  90 minutes and red is -  

t r i b u t e d  60 minutes at  425OC) which showed 2 t o  4% increase i n  

output between October 1966 and March 1969 have shown degradation, 

bu t  t he  outputs a r e  s t i l l  1 t o  2% higher than the  i n i t i a l  outputs 

measured October 1966. 

Loss and 3.6 t o  4.5% t o t a l  pmax loss. 

CELLS DELIVERED TO JPL 

Seven l o t s  of 

f o r  rad ia t ion  

60 c e l l s  were 

ment could be 

each l o t  were 

60 l i thium doped s o l a r  c e l l s  have been shipped t o  JTL 

t e s t s  i n  other  l abora to r i e s .  For each l o t  more than 

processed and t e s t e d  so t h a t  a good se lec t ion  f o r  ship- 

made. S t a t i s t i c a l  analyses of the  e l e c t r i c a l  output of 

performed e 

Lot 2 consis ted of 60 c e l l s  f ab r i ca t ed  from 100 ohm cm Lopex s i l i con .  

They were l i th ium diffused 90 minutes and r ed i s t r ibu ted  120 minutes 

a t  425OC. Figures 8 and 9 show the short  c i r c u i t  current  and maximum 

power d i s t r ibu t ion  f o r  Lot 2 c e l l s ;  87 c e l l s  were included. 

cent of the  shor t  c i r c u i t  cur ren ts  were > 70 mA9 90% were 2. 60.4 mA 

and the  median w a s  64 mA. 

c e l l s  had outputs 2 27.6 mW and 90% had outputs 2 23.4 mW. 

c e l l s  showed t h e  same va r i a t ions  i n  open c i r c u i t  voltage previously 

observed with Lopex s i l i c m .  Some of the  c e l l s  with high outputs had 

not  only high shor t  c i r c u i t  cur ren ts ,  but a l so  open c i r c u i t  voltages of 

570-580 mV. Some of the  lower output c e l l s  had open c i r c u i t  voltages 

as low as 540 mV. 

to some degree on oxygen concentration which some inves t iga tors  have 

indicated va r i e s  considerably i n  Lopex s i l i c o n ,  A t  any rate, Lopex 

s i l i c o n  seems t o  be the l e a s t  predictable  with respect  t o  the output 

of l i th ium c e l l s  fabr ica ted  from it. 

Ten per- 

The median output w a s  25.4 mW; 10% of the  

These 

The cause i s  s t i l l  uncertain.  It could be dependent 

- 24- 
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Lot 5 consisted of 30 f l o a t  zone c e l l s ,  l i thium diffused 60 minutes 

and r ed i s t r ibu ted  120 minutes a t  425OC, plus  30 experimental c e l l s  

fabr ica ted  t o  determine the  rad ia t ion  recovery cha rac t e r i s t i c s  as a 

function of l i thium coverage. 

were used. For the  first group the e n t i r e  back surface w a s  covered 

with lithium; the second group had approximately 85$ of the  surface 

covered with l i thium, and the  t h i rd  group had only 50$ of t he  surface 

covered w i t h  l i thium. 

the  technical  discussion, should provide information which ind ica tes  

whether or not  it i s  important t o  completely cover the  back surface 

of the  c e l l  w i t h  l i thium i n  order t o  obtain optimum recovery a f t e r  

rad ia t ion .  

Three var ia t ions  zhlithium coverage 

These c e l l s ,  which were described e a r l i e r  i n  

The maximum power and short  c i r c u i t  current d i s t r ibu t ions  f o r  the 

other  30 c e l l s  a r e  shown i n  Figures 10 and 11. The 30 c e l l s  were 

se lec ted  from a group of 58 and a l l  58 were used f o r  the d i s t r ibu t ion .  

The median shor t  c i r c u i t  current w a s  62.5 mA while 5$ of t he  c e l l s  had 

short  c i r c u i t  currents  265.1 mA and 95$ of t he  c e l l s  had short  c i r c u i t  

cur ren ts  2 60 mA. 

outputs 2 27.0 mW and 95$ had outputs 2 23.6 mW. 

The median output w a s  25.5 mW; 5% of the  c e l l s  had 

Lot 6 consisted of f o r t y  20 ohm cm crucible  grown c e l l s ,  l i t h i u m  

diffused 90 minutes and r ed i s t r ibu ted  120 minutes at 425OC, .as well 

as 20 experimental c e l l s .  

d i s t r ibu t ions  f o r  the  crucible  grown c e l l s  a r e  shown i n  Figures 12 and 13. 
The spread i n  shor t  c i r c u i t  current  i s  not too  great ,  w i t h  only lo.-#& 
change i n  the  f i f t h  t o  n i n e t y - f i f t h  percent i le  range. The median short  

c i r c u i t  current  w a s  65.7 mA, w h i l e  5$ of the  c e l l s  had short  c i r c u i t  

cur ren ts  2 70.4 mA and 95$ of the  cells had shor t  c i r c u i t  cur ren ts  

2 60.8 mA. With respect  t o  mamum power 5% of the c e l l s  had outputs 

2 30.2 mW while 95% of the c e l l s  had outputs 2 23.2 mW and the  median 

output w a s  26.2 mw. 

The shor t  c i r c u i t  current  and maximum power 

.. 
* I .  

-27- 
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Lot 7 consis ted of 10 ohm cm f l o a t  zone c e l l s ,  l i t h i u m  diffused 90 min- 

utes  and r ed i s t r ibu ted  120 minutes a t  425OC. 

shor t  c i r c u i t  current  and m a x i m u m  power d i s t r ibu t ions  f o r  this l o t  of 

c e l l s .  The median shor t  c i r c u i t  cur ren t  w a s  64.4 mA and t h e  f i f t h  t o  

n i n t e y - f i f t h  pe rcen t i l e  range w a s  68.5 t o  59.9 mAe These p a r t i c u l a r  

d i f fus ion  parameters used f o r  t h i s  l o t  of c e l l s  gave r e l a t i v e l y  high 

outputs f o r  f l o a t  zone l i thium c e l l s .  The median output shown i n  

Figure 1.5 i s  26.5 mW with 5% of t h e  c e l l s  having outputs 2 29.5 mW 

and 95% of the  cells  having outputs 2 23.5 mW, 

Figures 14 a d  15 show the  

Eight-hour d i f fus ions  a t  325OC have been used f o r  Lots 1, 3, and 4. 
Cells with t h i s  type of d i f fus ion  have been known t o  exh ib i t  very high 

output.  The shor t  c i r c u i t  current  and maximum power d i s t r i b u t i o n s  

f o r  t h e  c e l l s  i n  Lot 1, 20 ohm cm f l o a t  zone c e l l s ,  itre shown i n  Figures 

16  and 1.7. The f i f t h  t o  n ine ty - f i f th  percent i le  range f o r  short  c i r c u i t  

cur ren t  i s  l a rge  with t h e  l k 6  mA difference between 72.4 mA and 57.8 mCL, 

The median output of t h i s  group of c e l l s  i s  25.5 mW which i s  about 305$ 
lower than the  average output of 20 ohm cm f l o a t  zone c e l l s  diffused 

90 minutes and r ed i s t r ibu ted  60 minutes a t  425°C. This may ind ica t e  

t h a t  t he  e ight  hour l i thium di f fusfon  a t  325OC i s  not optimum for f l o a t  

zone c e l l s .  

The shor t  c i r c u i t  current  and maximum power d i s t r ibu t ions  f o r  Lot 3 
are shown i n  Figures 18 and 19.  These c e l l s  were fabr ica ted  from 

20 ohm cm cruc ib le  grown s i l i c o n  and the  high outputs expected from an 

eight-hour d i f fus ion  a t  325OC were observed. 

only the 60 c e l l s  shipped t o  JPL,  s ince a number of t h e  c e l l s  had poor 

I/V curve shape due t o  contact shunting problems. Some of t he  c e l l s  

with poor curve shape exhibiteda dark c h a r a c t e r i s t i c  curve which did 

not  have except ional ly  high dark reverse cur ren ts  at  0.7 v o l t s  but did 

pass excess cur ren t  at  low voltages.  

The d i s t r ibu t ions  include 

The spread i n  shor t  c i r c u i t  cur ren t  f o r  t h i s  l o t  i s  a l s o  la rge  with a 

difference of 14.6 mA between the  f i f t h  percent i le  shor t  c i r c u i t  cur ren t  

(74.6 mA) and the  n i n e t y - f i f t h  percent i le  shor t  c i r c u i t  current  (60 rnA). 
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The maximum power d i s t r i b u t i o n  i s  narrow and high, 

30 mW with 10% of the  c e l l s  having outputs  2 32 mW and 90% having outputs 

2 27 mW. 

The median output i s  

0 

For Lot 4, 20 ohm em f l o a t  zone c e l l s  with an e ight  hour d i f fus ion  a t  325OC 

were again fabr ica ted .  Compared t o  Lot 1, the  shor t  c i r c u i t  current  range 

f o r  Lot 4 c e l l s  w a s  smaller. 

lower. A s  a r e s u l t  of t h e  low short  c i r c u i t  cur ren t ,  these c e l l s  had low 

outputs. 

power d i s t r i b u t i o n  f o r  L o t  1. Figure 20 compares the  f l o a t  zone c e l l s  i n  

Lot 3 t o  the  c ruc ib le  grown c e l l s  f ab r i ca t ed  f o r  Lot 3. The median output 

of the  c ruc ib le  grown l i th ium c e l l s  w a s  6 mW higher than the median output 

of f l o a t  zone c e l l s  fabr ica ted  f o r  Lot 4. 
responds t o  a median e f f i c i ency  of 9% f o r  the f l o a t  zone c e l l s  and 11% f o r  

the  c ruc ib le  grown l i th ium c e l l s .  It i s  typ ica l  f o r  crucible  grown l i thium 

c e l l s  t o  have higher outputs than f l o a t  zone l i th ium c e l l s ,  but usua l ly  t h e  

difference i s  2 t o  3 mW, o r  half  an e f f i c i ency  group. 

f l o a t  zone c e l l s  i s  t y p i c a l  of the  l o s s e s  observed when processing problems 

a r e  encountered. 

However, t h e  shor t  c i r c u i t  cur ren ts  were a l s o  

The e n t i r e  d i s t r ibu t ion  f o r  Lot 4 w a s  2 mW lower than the  maximum 

In terms of e f f i c i ency  t h i s  cor- 

The low output of t he  

The shor t  c i r c u i t  current  and maximum power d i s t r ibu t ions  of a l l  seven l o t s  

i s  summarized i n  Table 11. 

The cruc ib le  grown l i th ium c e l l s  diffused e ight  hours a t  325 C which had 

such high i n i t i a l  outputs a l s o  had except ional ly  high recovered outputs 

after being i r r a d i a t e d  with 1 MeV e l ec t rons  t o  an in tegra ted  f l u x  of 

0 

- 

3 x lox5 electrons/cm2; ( i r r a d i a t i o n s  were perfmmed and reported on by TRW 

Inc.  under JPL Contract 952554). 

put of 32.6 mW and a recovered output a f t e r  i r r a d i a t i o n  of 21.9 mW. 

shown i n  Figure 22 had a lower i n i t i a l  output, 29.4 mW, but it recovered t o  

23.5 mW. 

t h e  same l e v e l ,  

output of the N/P. 

t h a t  t h e  l i th ium doped c e l l s  would be ab le  t o  withstand about t h ree  times the  

r ad ia t ion  fluence f o r  t h e  same power output degradation when compared t o  

t h e  10 ohm cm N/P s o l a r  c e l l .  

Figure 21 shows a c e l l  with an i n i t i a l  out- 

The c e l l  

Figure 23 compares these two c e l l s  t o  a 10 ohm cm N/P i r r a d i a t e d  t o  

The output of t he  l i th ium c e l l s  i s  11 t o  20% higher than t h e  

This increased e f f i c i ency  and r ad ia t ion  r e s i s t ance  means 
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Figure 21. 20 Ohm cm Czochralski grown lithium cell before and after 
irradiation. 
measured in Solar Simulator at 140 mW/cm2. 

Lithium diffused eight hours at 325°C; 
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CONCLUSIONS 

Inves t iga t ion  of BBr a s  an a l t e r n a t i v e  boron d i f fus ion  source has 

r e su l t ed  i n  c e l l s  with short  c i r c u i t  cur ren ts  which were typ ica l ly  

5 t o  10% lower than t h e  short  c i r c u i t  cur ren ts  of BCR 

This did r e s u l t  i n  lower output c e l l s  ( t h e  e f f ic iency  of BCR diffusion 

c e l l s  usua l ly  ranges from 11.0 t o  12.5%); even so, e f f i c i enc ie s  g rea t e r  

than 11.0% were obtained since the  V (608 mV) and f i l l  f a c t o r  (0.778) 
of t h e  BBr diffused c e l l s  were good. The s t r e s s e s  have been reduced 

and 0.006" t h i c k  2 x 6 c m  blanks can be d i f fused  with no bowing. 

3 

di f fused  c e l l s .  
3 

3 

oc 

3 

Lithium concentration p r o f i l e s  can be obtained with an evaporated 

l i th ium l aye r  which a r e  comparable t o  those  obtained by a painted-on 

l i th ium l a y e r .  High e f f i c i ency  l i th ium c e l l s  can be made; however, 

comparison of t he  cumulative frequency d i s t r i b u t i o n s  f o r  cel ls  with 

painted-on versus evaporated l i th ium l aye r s ,  showed t h a t  there  w a s  more 

f a l l - o f f  i n  c e l l  output and, consequently, a l a r g e r  percentage of lower 

output c e l l s  wi th  the  evaporated l i thium. A t  a cumulative frequency of 

90% t he re  w a s  a difference i n  output of about 1 mW. 

Evaluation of t h e  s t rength  and humidity r e s i s t ance  of t h ree  contact 

systems--TiAg, TiPdAg, and AR--which have been used on P/N l i thium c e l l s  

showed that the  contact s t rengths  were s imi l a r  and the  TiAg contact had 

the  l e a s t  humidity res i s tance .  Contact s t rengths  were evaluated by 

solder ing or u l t r a s o n i c a l l y  welding tabs t o  t h e  contacts  and pu l l ing  at 

a 90' angle u n t i l  f a i l u r e .  Fa i lu re s  a t  l e s s  than 500 grams p u l l  due t o  

s i l i c o n  f r a c t u r e s  occurred with 40% of t h e  c e l l s .  

s ince conventional N/P c e l l s  withstood 500 grams p u l l  unless  t h e  contact 

i s  weak and pee ls .  It i s  presumed t o  be ind ica t ive  of t h e  s t r e s s e s  

present i n  P/N l i th ium c e l l s ,  and i s  probably due t o  the  boron d i f fus ion  

s ince  P/N c e l l s  without l i thium which were t e s t e d  a l s o  had f a i l u r e s  due 

t o  s i l i c o n  f r a c t u r e s  at  less than 500 grams. When the  s i l i c o n  did 

not f a i l  the  soldered bonds (on TiAg and TiPdAg contac ts )  exhib i ted  

more than 500 grams peel  s t rength .  The u l t r a s o n i c a l l y  welded bonds 

This w a s  unusual 

-45- 
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Y 

(on AR as wel l  as Ti& contacts)  exhibi ted peel  s t rengths  grea te r  than 

150 grams and f a i l u r e  occurred when the  (0,002'' AR)',tab t o r e  with t h e  

welded sect ion remaining bonded t o  t h e  contact ,  

were comparable t o  those obtained with TiAg contacts  on standard H/P 
c e l l s .  

The peel  s t rengths  

When exposed t o  95% r e l a t i v e  humidity a t  6 5 ' ~  and per iodica l ly  tape 

t e s t e d  f o r  peeling, the  TiAg f r o n t  contacts  peeled 100% af ter  200 hours, 

while t he  TiPdAg and AR contact systems showed no degradation f o r  t he  

same period of exposure. 

Since regions of t h e  c e l l  with no l i th ium could a f f e c t  post  rad ia t ion  

output, an experiment w a s  performed t o  evaluate the  e f f e c t  of varying 

the  percentage of undiffused region. Varying the  undiffused regions 

from 0 t o  50% did not  affect the  bulk r e s i s t i v i t y  o r  l i thium concen- 

t r a t i o n  p r o f i l e s  of t h e  diffused regions, nor did it a f f e c t  e l e c t r i c a l  

output. However, it i s  expected t o  influence the  rad ia t ion  recovery 

c h a r a c t e r i s t i c  and these  c e l l s  have been del ivered t o  JTL f o r  rad ia t ion  

t e s t ing .  

A s ign i f i can t  improvement i n  the  e f f i c i ency  of crucible  grown l i th ium 

c e l l s  was made with a l i th ium di f fus ion  schedule of e ight  hours a t  

325OC. 

highest  outputs with 10% of the  c e l l s  having outputs ;r 30.4 mW, 90% of 

the  c e l l s  having outputs ;r 2 6 ~  mW and a median output of 28.3 mw. 

Ten percent of t h e  c ruc ib le  grown l i th ium c e l l s  diffused 8 hours a t  

325OC had outputs 2 32.0 mW, 90% had outputs 2 27.0 mW and the  median 

w a s  30.0 mW (11% ef f i c i ency) -  This i s  a 6% improvement i n  t h e  median 

output 0 

Lot 10 f ab r i ca t ed  during t h e  previous contract  had shown t h e  

These c ruc ib le  grown l i thium c e l l s  a l s o  had higher e f f i c i e n c i e s  after 

i r r a d i a t i o n  with 1 MeV e lec t rons  t o  3x10 
of 21.7 t o  23.5 mW were 11 t o  20% higher than the  19.5 mW average out- 

put of 10 ohm c m  N/P c e l l s .  This increased e f f i c i ency  and r ad ia t ion  

res i s tance  means t h a t  l i th ium doped c e l l s  would be ab le  t o  withstand 

about th ree  times t h e  rad ia t ion  fluence f o r  t h e  same power output 

degradation when compared t o  t h e  10 ohm cm N/P so la r  c e l l .  

15 2 e/cm e The recovered outputs 
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RECOMMECJDATIONS 

The BBr d i f fus ion  has made it possible t o  d i f fuse  l a rge  area and 

t h i n  c e l l s ;  howeuer, as  t he  d i f fus ion  is  present ly  done, s i l i c o n  

i s  etched and t h e  d i f fus ion  cannot be used f o r  spec ia l  s t ruc tu re  

c e l l s  which require  a non-etching boron d i f fus ion  source, Further 

boron d i f fus ion  inves t iga t ion  should be done i n  order t o  e l iminate  

t h e  etch react ion,  

3 

Once a non-etching boron d i f fus ion  source i s  obtained, work can 
+ 

be done on P/N M c e l l  s t ruc tu res  

s t ab le  N region a t  t h e  junct ion 

good junct ion cha rac t e r i s t i c s  a s  

induced defect  si tes 

-I- 
which would be designed with a 

i n  order t o  obtain and maintain 

l i th ium combines with rad ia t ion  

Oxygen concentration i s  an important f a c t o r  i n  recovery r a t e  of 

l i th ium c e l l s  a f t e r  i r r a d i a t i o n  and, therefore ,  s tud ies  should 

be performed t o  evaluate the  performance of crucible  grown l i th ium 

c e l l s  with various oxygen concentration l eve l s  e These s tudies  

might ind ica te  an optimum oxygen concentration, 

Additional c e l l s , w i t h  an eight-hour l i th ium di f fus ion  a t  325°C 

should be fabr ica ted  and made ava i lab le  t o  rad ia t ion  labora tor ies ,  

These c e l l s  have shown the  bes t  i n i t i a l  and recovered e f f i c i enc ie s  

and, therefore ,  t h e  performance l e v e l  of these  c e l l s  should be 

determined on a s t a t i s t i c a l  b a s i s ,  


